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Abstract: A simple “diffusion-to-capture” model is used to estimate the upper limit to the growth rate
of macromolecular crystals under conditions when the rate limiting process is the mass transfer of
sample from solution to the crystal. Under diffusion-limited crystal growth conditions, this model pre-
dicts that the cross-sectional area of a crystal will increase linearly with time; this prediction is vali-
dated by monitoring the growth rate of lysozyme crystals. A consequence of this analysis is that when
crystal growth is diffusion-limited, micron-sized crystals can be produced in ~1 s, which would be
compatible with the turnover time of many enzymes. Consequently, the ability to record diffraction pat-
terns from sub-micron sized crystals by X-ray Free Electron Lasers and micro-electron diffraction
technologies opens the possibility of trapping intermediate enzyme states by crystallization.
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Introduction
Innovations in structural biology are expanding the
capabilities for studying macromolecular structure
and function through diffraction experiments on sub-
micron sized crystals utilizing X-ray Free Electron
Lasers (XFEL) and micro-electron diffraction
(MicroED).1–4 Among these new capabilities are evolv-
ing opportunities for the crystallographic
characterization of enzymatic reaction intermediates.
With traditional diffraction sources, the study of reac-
tion intermediates through time-resolved crystallogra-
phy has been limited to those exceptional cases where
either suitable photoactivatable substrates are avail-
able or where the enzyme kinetics are sufﬁciently
slow that the reaction may be triggered by diffusion of
substrates into the crystal.5 The timescale for the dif-
fusion of substrates into crystals depends on the
accessibility of a substrate to the active site in the
crystal, and diffusion times for various enzymes and
substrates have been reported that range from multi-
ple seconds to hours.6–9 As the typical kcat for enzyme
catalysis with physiological substrates is ~10 s−1 (Ref.
10), it is, therefore, not possible to characterize inter-
mediate states for many enzymes by substrate diffu-
sion into crystals, which has motivated a number of
approaches for preparing stable complexes using com-
binations of mutations, inhibitors, and solution condi-
tions. Furthermore, for some reactions, such as
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nitrogenase, it is not possible to simply diffuse in sub-
strates to trigger the reaction, as even though the
physiological substrate is the diatomic N2, the enzyme
mechanism involves multiple proteins and large con-
formational changes that are incompatible with the
crystal lattice. As an alternative approach to ligand
diffusion, we consider the possibility of trapping inter-
mediates by rapid crystallization from an enzyme
solution undergoing turnover.
The motivation for this study arose from our previ-
ous work on the nitrogenase MoFe-protein where we
crystallized the CO-inhibited form of the protein from a
sample generated under turnover conditions in a het-
erogeneous mixture.11 Utilizing a seeding strategy, suit-
able crystals were obtained in ~4 h that enabled data
collection on a third-generation synchrotron source to a
sufﬁciently high resolution (1.5 Å) to identify CO bound
to an electron dense metallocluster. While this technol-
ogy was successful for trapping an inhibited form of the
MoFe-protein, it would be inadequate to trap interme-
diates generated during the reduction of N2 or other
substrates since the turnover time of the enzyme (~1 s)
is much shorter than the time for crystallization.
Crystallization is a complex process and exten-
sive experimental and theoretical models have been
developed, taking into account key parameters in
crystallization conditions including protein and pre-
cipitant concentrations, pH, temperature, salt,
etc.12,13 The kinetics of crystal growth reﬂect the
rates of the underlying processes including nucle-
ation, diffusion of sample from the surrounding solu-
tion to the crystal surface, and the surface kinetics by
which molecules add to the growing surface.12,14–16
The “speed limit” for crystal growth is ultimately set
by the diffusion rate, which will occur when all other
processes (nucleation and surface kinetics) are faster.
To estimate this limit, we used the “diffusion-to-cap-
ture” model to evaluate the timescale for diffusion-
controlled crystal growth. We then experimentally
determined the growth rates of lysozyme crystals to
assess the relevance of the theoretical model for cap-
turing the basic kinetics of crystal growth.
Diffusion-to-Capture Model
Crystal growth involves the incorporation of material
diffusing to the surface from the surrounding solu-
tion. The upper limit to crystal growth can be esti-
mated using the “diffusion-to-capture” model based
on the steady-state solution to Fick’s second law.17
Modeling a crystal as a sphere, the growth rate under
diffusion-limited conditions can be evaluated from
the diffusion current describing the rate at which
mass, M, is transferred to the crystal from solution at
a bulk concentration of C0:
dM
dt
¼4πrDCo ð1Þ
where D is the diffusion coefﬁcient and r is radius; in
SI units, M, D, C0, and r have units of kg, m
2 s−1, kg
m−3 (= mg ml−1), and m, respectively. The mass of
protein in a spherical crystal will depend on r, the
crystal density ρ (kg m−3), and the volume fraction f
of protein in the crystal:
M¼ 4
3
πr3f ρ ð2Þ
The time derivatives of the crystal mass and
radius are related through the following equation:
dM
dt
¼ 4πr2f ρdr
dt
ð3Þ
The growth rate dr/dt may be evaluated by relat-
ing Eqs. 1 and 3:
dr
dt
¼ 1
4πr2f ρ
dM
dt
¼4πrDCo
4πr2f ρ
¼DCo
rf ρ
ð4Þ
Under diffusion-limited conditions, the growth
rate of a spherical crystal is not constant, but varies
inversely with the radius of the crystal.14
The time required for a spherical crystal to grow
from radius 0 to R may be obtained by integrating
Eq. 4 to give
ðt
0
dt¼
ðR
0
rf ρ
DCo
dr
t Rð Þ¼ f ρ
2DCo
R2
ð5Þ
This analysis predicts that the time for a spheri-
cal crystal to reach a radius R increases as R2 or
equivalently, t(R) is proportional to the cross-
sectional area A (= πR2). For the crystallization of a
“typical” protein, D ~ 10−10 m2 s−1, ρ ~ 1300 kg m−3,
f ~ 0.5, and C0 ~ 10 kg m
−3 (= 10 mg ml−1), so that
t Rð Þ¼ f ρ
2πDCo
πR2
 ¼ f ρ
2πDCo
A
¼ 3×1011 R2¼ 1×1011 A inm2 
¼ 0:3 R2¼ 0:1 A inμm2 
ð6Þ
This analysis indicates that under conditions
when diffusion is rate limiting, crystals of radius
1, 10, and 100 μm could grow in ~0.3 s, 0.5 min, and
1 h, respectively. Equivalently, the cross-sectional
area under these conditions is predicted to increase
by 10 μm2 s−1. While the linear growth rate dr/dt
decreases as the crystal size increases, for crystals of
radius ~50 μm (plausibly a typical size), the diffusion
limited growth rate (Eq. 4) is estimated as 0.03 μm s−1;
for comparison, the growth rates for different cry-
stal faces of lysozyme have been reported as
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~ 0.01–0.08 μm s−1, measured from a single face of
the growing crystal.12,18,19
Results and Discussion
To experimentally validate the theoretical diffusion-
limited growth rate of protein crystals, we devised a
method to monitor crystal growth rates. We chose
lysozyme for this study, as it crystallizes readily and
is often used in crystal growth studies.18,20 The crys-
tal growth kinetics were monitored using lysozyme
labeled with the ﬂuorescent dye carboxyrhodamine-
red (CR) to permit visualization of crystal growth in
capillaries by ﬂuorescence microscopy (Fig. 1). The
low labeling level employed (estimated at <0.5%) did
not appear to interfere with the formation of tetrago-
nal lysozyme crystals, as conﬁrmed by a 2.0 Å resolu-
tion crystal structure (data not shown).
With this experimental system, the growth of a
single CR-labeled lysozyme crystal was recorded in a
series of snapshots over 82 s [Fig. 1(a)]. The cross-
sectional area of each image was then evaluated and
plotted as a function of time [Fig. 1(b)]; the area was
observed to increase in an approximately linear fashion
at a rate of ~2.2 μm2 s−1, although an upward curva-
ture to the trend line is also evident. We proceeded to
collect video recordings of 168 growing crystals, which
were then analyzed to determine the corresponding
growth rates (Fig. 1). Collectively, this analysis estab-
lished the average cross-sectional area growth rate of
lysozyme crystals was 2.1 (0.9) μm2 s−1, with an
observed maximum of 4.6 μm2 s−1. The diffusion-to-
capture model (Eq. 6) predicts a diffusion-limited
growth rate of ~10 μm2 s−1, which is within a factor of
2 of the growth rates observed here. The diffusion-
limited model also predicts that the increase in cross-
sectional area with time should be independent of the
magnitude of the cross-sectional area of each crystal.
The observation of a slight positive correlation between
crystal size and growth rate [Fig. 1(d)] suggests that
diffusion may not be completely rate limiting for crystal
growth.
The ability to grow micron-sized crystals in ~1 s
under diffusion-limited crystal growth conditions
opens the possibility of using crystallization to trap
intermediates under turnover conditions for struc-
tural analysis. X-ray crystallography can be prefera-
ble to cryo-EM single particle analysis for particular
uses, such as experiments where absorption edges
and anomalous diffraction data are collected, as is
the case for many metalloproteins.4,11 Further, crys-
tallography is still the most consistent method to
obtain high resolution structures (below 2 Å). While
this analysis supports a “speed limit” for crystal
growth compatible with formation of micron-sized
Figure 1. (A) Binary montage of the growth of a CR-labeled lysozyme crystal generated from a sequence of images recorded with
a ﬂuorescence microscope. The elapsed time for this sequence is 82 s. (B) Plot of the increase in cross-sectional area (μm2) over
time (s) for the growing crystal depicted in the montage. Image analysis was performed with the ImageJ processing program.26
The orange trend line shows a linear ﬁt of 2.2 μm2 s−1, with R2 = 0.99. Inset, left: still image cropped to the selected crystal at
beginning of the time-lapse video. Inset, right: still image of the same crystal at the end of the time-lapse video. Scale bar is
10 μm. (C) Growth rates of 168 crystals separated into bins of 0.5 μm2 s−1. (D) Growth rates correlated to starting crystal size in
μm2. The orange trendline was ﬁt to the linear equation 27.7 x + 3.0, with Pearson’s coefﬁcient = 0.552.
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crystals under turnover conditions, it also highlights
the challenge of devising experimental systems where
crystal growth is diffusion-limited on this time scale.
Nucleation of crystal growth represents a major
obstacle to this goal, as nucleation is a multi-phase
process with complex kinetics evolving over minutes
to hours (see Ref. 21). The use of seeding techniques
provides an approach to overcome the nucleation bar-
rier; one possible approach would be development of
rapid crystallization systems based on microﬂuidics
systems.22,23 Injection ports on the microﬂuidic device
would be used to introduce the enzyme turnover sys-
tem and crystallization components (including seed
crystals), while an outlet port could be adapted for
droplet collection at the desired size and/or timepoint.
The crystals could then be analyzed by direct injec-
tion into an XFEL source or by rapid freezing on elec-
tron microscopy grids for subsequent microED
analysis. Although undoubtedly quite demanding
technically, rapid crystallization methods represent a
possible approach for surmounting the challenging
problem of structurally characterizing transient
intermediates at high resolution.
Methods
Protein labeling and quantiﬁcation
Lysozyme from chicken egg white (Sigma lyophilized
powder, protein ≥90%, ≥40,000 units/mg protein) was
prepared in 50 mM sodium acetate (pH 4.5) at
12.5 mg/mL concentration. The protein was labeled
with carboxyrhodamine-red (CR) using the Trace
Fluorescence Labeling kit from Molecular Dimen-
sions (MD1–73). The labeling procedure was repeated
approximately 5 times to concentrate the labeled
product to a concentration of ~60 mg/mL, which was
done using Amicon centrifugal ﬁlters with MWCO
3000. Protein quantiﬁcation was done by UV–VIS
absorption spectroscopy, using an extinction coefﬁ-
cient of ε = 36 mM−1 for lysozyme at 280 nm
(Ref. 24).
Crystallization
Lysozyme microcrystals were formed in a 16-channel
Microlytic Crystal Former (Anatrace, CF-O-20) with
~60 mg/mL labeled lysozyme in 50 mM sodium ace-
tate, pH 4.5, with less than 0.5% labeling efﬁciency
according to the kit and previous estimations.25 The
crystallization solution was 15% PEG 6000, 3.4 M
NaCl, and 1 M sodium acetate (pH 4.5). Crystals
were formed by pipetting 0.5 μL of labeled lysozyme
into one end of the crystal former channel, and pipet-
ting 0.5 μL of crystallization solution into the other
end. The use of the Microlytic Crystal Formers allevi-
ated microscope focusing issues encountered with
larger crystal wells.
Crystal growth rates
Crystal growth rates were observed using a Leica
light microscope and Hamamatsu camera
(C8484-05G02), set to excite CR at ~530 nm. Time
lapse videos were collected using the software Slide-
book to capture growing crystals as soon as the crys-
tallization solution was pipetted into the Microlytic
Crystal Former. Videos were collected at 10×
magniﬁcation.
Analysis
Two hundred ninety-eight crystal growth videos were
collected. Of the 298 videos, 168 were readily analyz-
able by ImageJ software26 (no background interfer-
ence, no frame gaps, no interfering crystals, etc.). The
image scale was calibrated using the dimensions of
the crystal former (100 μm × 150 μm × 10 mm) in
ImageJ. The average frame time was recorded in the
Slidebook software, and applied to every frame in a
selected sequence. Each crystal in the 10× video was
cropped into individual timelapses and analyzed sep-
arately. The image was converted to a black and
white image using the Binary function in ImageJ.
From the binary image, each particle was analyzed
for cross-sectional area over time using the Analyze
Particles function in ImageJ. Each crystal growth
rate was plotted in Excel using the average frame
rate recorded from SlideBook, and the cross-sectional
area obtained from ImageJ. Growth rates were then
reported collectively from 168 crystals.
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